ABSTRACT Thymus-derived regulatory T (tTreg) cells are key to preventing autoimmune diseases, but the mechanisms involved in their development remain unsolved. Here, we show that the C-type lectin receptor CD69 controls tTreg cell development and peripheral Treg cell homeostasis through the regulation of BIC/microRNA 155 (miR-155) and its target, suppressor of cytokine signaling 1 (SOCS-1). Using Foxp3-mRFP/cd69 ϩ/Ϫ or Foxp3-mRFP/cd69 Ϫ/Ϫ reporter mice and short hairpin RNA (shRNA)-mediated silencing and miR-155 transfection approaches, we found that CD69 deficiency impaired the signal transducer and activator of transcription 5 (STAT5) pathway in Foxp3 ϩ cells. This results in BIC/miR-155 inhibition, increased SOCS-1 expression, and severely impaired tTreg cell development in embryos, adults, and Rag2 Ϫ/Ϫ ␥c Ϫ/Ϫ hematopoietic chimeras reconstituted with cd69 Ϫ/Ϫ stem cells. Accordingly, mirn155 Ϫ/Ϫ mice have an impaired development of CD69 ϩ tTreg cells and overexpression of the miR-155-induced CD69 pathway, suggesting that both molecules might be concomitantly activated in a positive-feedback loop. Moreover, in vitro-inducible CD25 ϩ Treg (iTreg) cell development is inhibited in Il2r␥ Ϫ/Ϫ /cd69 Ϫ/Ϫ mice. Our data highlight the contribution of CD69 as a nonredundant key regulator of BIC/miR-155-dependent Treg cell development and homeostasis.
R
egulatory T (Treg) cells are a specialized subset of lymphocytes with a dominant role in the prevention of autoimmune diseases (1) . Treg cell subtypes have been classified according to their origin in the thymus, peripheral lymphoid organs, or in vitro and have been extensively characterized; however, the mechanisms that regulate their generation in the thymus remain poorly understood. Understanding how thymusderived Treg (tTreg) cells (2) become a distinct lineage is crucial for the development of strategies to control immune responses by targeting these cells (3) . A central event in tTreg cell differentiation is the induction of the transcription factor Foxp3 by early signals delivered from the T cell (TC) receptor (TCR), which results in transcriptional activation and enhanced function of the interleukin-2 (IL-2) signaling pathway (4) . Among other mechanisms, Foxp3 expression is promoted by the microRNA (miRNA) 155 (miR-155) through the inhibition of SOCS-1 (suppressor of cytokine signaling 1), enhancing the activation and binding of STAT5 (signal transducer and activator of transcription 5) to the Foxp3 promoter and the Foxp3-CNS (conserved noncoding sequence) (5, 6) . In a positive-feedback loop, Foxp3 increases the expression of miR-155 by binding to an intronic element of BIC, the gene encoding the miR-155 precursor transcript. Nevertheless, the mechanisms by which miRNAs impact tTreg cell differentiation and function are not fully elucidated, and the data are somewhat contradictory. For example, Dicer, a member of the RNase III complex that processes pre-miRNAs into mature miRNAs, plays a key role in tTreg cell differentiation (7) and function (8) ; however, the lack of Dicer is linked to enhanced miR-155 expression in MRL/lpr mice (9) , suggesting that there are Dicer-independent mechanisms for miRNA regulation in Treg cells. The Treg cells of lupus-prone mice have an altered phenotype, low levels of Dicer, and a weak suppressive capacity linked to the expression of the C-type lectin receptor CD69 (9) . Moreover, increased CD69 expression has been detected in activated Dicer Ϫ/Ϫ TCs, which show defective egress from lymphoid organs (10) . In addition, CD4 ϩ CD8 ϩ thymocytes include a CD69 high TCR high Treg cell progenitor subpopulation, indicating that CD69 expression is relevant to tTreg cell differentiation (11) . We hypothesized that CD69, which contributes to the maintenance of immunological tolerance through the regulation of Treg cell function, makes a substantial contribution to Treg cell development in the thymus. The C-type lectin CD69 is expressed constitutively by a subpopulation of peripheral Treg (pTreg) cells and tTreg cells (12) . Here, we report that CD69 is required for the development of Treg cells in the thymus through the promotion of STAT5 phosphorylation and the transcription of BIC/miR-155. FoxP3-mRFP/cd69 Ϫ/Ϫ reporter mice have a significantly below-normal number of tTreg cells, and Treg cell differentiation was also impaired in fetal thymus organ cultures (FTOCs) of cd69 Ϫ/Ϫ embryonic thymuses or wild-type embryonic thymuses treated with anti-CD69. Consistently, FoxP3 ϩ tTreg cells are poorly generated from cd69 Ϫ/Ϫ precursors in mixed bone marrow chimeras. An impairment of STAT5 phosphorylation in FoxP3-mRFP/cd69 Ϫ/Ϫ tTreg cells leads to the enhanced transcription of SOCS-1 and the inhibition of miR-155-dependent tTreg cell development. CD69 thus maintains miR-155-dependent tTreg cell development through a positivefeedback regulatory mechanism, giving rise to a functional pTreg cell subset. Our results strongly support a role for CD69 as a critical receptor in the control of Treg cell development and homeostasis.
RESULTS
CD69 expression is required for development of the tTreg cell subset. To determine whether CD69 is necessary for tTreg cell development in the thymus, we analyzed CD69 membrane expression in tTreg cells from cd69 ϩ/ϩ , cd69 ϩ/Ϫ , and cd69 Ϫ/Ϫ littermates bearing a Foxp3-mRFP reporter gene (monomeric red fluorescent protein inserted into the foxp3 locus). In agreement with previously reported data for nonreporter mice (12) , about 30% of tTreg cells expressing Foxp3-mRFP in wild-type thymuses also express CD69 ( Fig. 1A and B) . This percentage is lower in Foxp3-mRFP/ cd69 ϩ/Ϫ heterozygous mice, and this subset is absent in Foxp3-mRFP/cd69 Ϫ/Ϫ mice ( Fig. 1A and B) . The proportions of CD4 ϩ single-positive (SP) (CD4SP) thymocytes and the other thymocyte subsets are unaffected in cd69 heterozygous and cd69-deficient reporter littermates (Fig. 1C ), but compared with Foxp3-mRFP/cd69 ϩ/ϩ mice, both genotypes showed a 30% lower cellularity of total and CD4SP thymocytes (Fig. 1D) . These results are consistent with previously reported data showing that the overexpression of CD69 in the thymus increases the levels of SP thymocytes controlling egress to the periphery (13, 14) . However, Foxp3-mRFP/cd69 Ϫ/Ϫ and cd69 ϩ/Ϫ mice showed a marked reduction in the proportion of tTreg cells compared with that in cd69 ϩ/ϩ adult reporter mice ( Fig. 1E and F) , while total tTreg cell numbers were not altered in the cd69 ϩ/Ϫ and cd69 Ϫ/Ϫ groups (Fig. 1F) , indicating that CD69 could be playing an important role in the regulation of tTreg cell development masked by thymocyte egress defects in Foxp3-mRFP/cd69 Ϫ/Ϫ mice. In addition, we found that cd69 Ϫ/Ϫ adult reporter mice also showed a reduction in the proportion of pTreg cells compared with that in cd69 ϩ/ϩ littermates (see Fig. S1A and B in the supplemental material). These data are not consistent with data reported previously for nonreporter mice (12) . To clarify the differences observed with Foxp3 reporter mice, we performed Foxp3 staining in thymuses and spleens from Foxp3-mRFP mice. The data indicate that exogenous staining with anti-Foxp3 antibodies (Abs) differs from the endogenous print of Foxp3-mRFP depending on the tissue (Fig. S2) , suggesting that the use of anti-Foxp3 antibodies is not always as accurate as the use of reporter genes. In summary, CD69 could be playing a role in both tTreg cell development and pTreg cell homeostasis.
Deletion of CD69 inhibits tTreg cell differentiation in fetal thymus organ cultures. To determine if cd69 deficiency leads to decreased tTreg cell development, independently of the thymic maturation state or the sphingosine 1-phosphate receptor 1 (S1P 1 )-induced thymocyte egress capacity, we performed an FTOC assay on thymuses from 15-to 17-day-old mouse embryos (embryonic day 15 [E15] to E17) and analyzed total CD4SP thymocytes and tTreg cell differentiation over 5 days of culture. Compared Foxp3-mRFP/cd69 ϩ/ϩ (wild-type), 11 Foxp3-mRFP/cd69 ϩ/Ϫ (heterozygous), and 12 Foxp3-mRFP/cd69 Ϫ/Ϫ (deficient) mice were analyzed. Error bars show standard deviations. Data were evaluated by ANOVA followed by Bonferroni's multiple-comparison test. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001; ns, not significant.
with cd69 ϩ/ϩ FTOCs, cd69 Ϫ/Ϫ E15 to E17 FTOCs displayed marked reductions in the proportions and absolute cell numbers of Foxp3 ϩ tTreg cells, with insignificant changes in total cell numbers ( Fig. 2A and B) , indicating that CD69 is required during tTreg cell differentiation at early stages of development. To confirm these results, we treated E15 FTOCs with an anti-CD69 monoclonal antibody (MAb) (2.2), which downregulates CD69 expression and hence blocks downstream signaling (15) , and monitored Treg cell development over 14 days of culture. Consistent with the cd69 Ϫ/Ϫ FTOC data, throughout the culture period, anti-CD69-treated FTOCs showed notably lower proportions and cell numbers of Foxp3 ϩ tTreg cells than did FTOCs treated with the isotype control antibody (2.8) (Fig. 2C and D) , whereas total FTOC cell numbers were unaltered by either treatment (Fig. 2D) . These findings are consistent with previously reported evidence indicating that immature activated CD69 ϩ thymocytes are the precursors of intrathymic Treg cells in humans and mice (11, 16) .
Defective tTreg and pTreg cell generation from cd69 ؊/؊ progenitors is a cell-autonomous defect. To further explore the role of CD69 in tTreg cell differentiation, we transferred bone marrow (BM) hematopoietic stem cells from Foxp3-mRFP/ cd69 ϩ/ϩ or Foxp3-mRFP/cd69 Ϫ/Ϫ littermates into lethally ␥-irradiated C57BL/6 recipients (Fig. 3A) . Twelve weeks after reconstitution, percentages and numbers of CD4 ϩ Foxp3 ϩ Treg cells derived from cd69 Ϫ/Ϫ BM precursors were markedly lower in the thymus (Fig. 3A ) and blood (see Fig. S3 in the supplemental material) than in those derived from cd69 ϩ/ϩ precursors, indicating an impaired Treg cell regeneration capacity of cd69 Ϫ/Ϫ BM hematopoietic stem cells. Moreover, we analyzed the potential of these precursors to differentiate into tTreg cells in sublethally irradiated Rag2 Ϫ/Ϫ ␥c Ϫ/Ϫ recipients, which lack lymphoid cells (Fig. 3B) . Because Rag2 Ϫ/Ϫ ␥c Ϫ/Ϫ recipient mice lack NK cells, we depleted donor BM precursors of T cells before transplantation to avoid graft-versus-host disease (17). As described above, cd69 Ϫ/Ϫ BM precursors had the lowest tTreg cell regeneration potential, even though in both systems, there were no differences in CD4SP cell numbers between thymuses of chimeric mice from cd69 ϩ/ϩ and those from cd69 Ϫ/Ϫ BM precursors ( Fig. 3A and B) . These results suggest that the differences observed in the percentages of CD4 ϩ Foxp3 ϩ tTreg cells in the thymus are due to an impaired differentiation of this cell subset and not to defective thymocyte egress ( Fig. 3A and B) .
Finally, to definitely rule out that the differences observed are due to differential egress between cd69 ϩ/ϩ and cd69 Ϫ/Ϫ thymocytes (Fig. 1D) , we generated mixed BM chimeric mice by reconstituting sublethally irradiated Rag2 Ϫ/Ϫ ␥c Ϫ/Ϫ mice with a 1:1 mixture of wild-type (B6SJL) CD45.1 and cd69 Ϫ/Ϫ CD45.2 BM hematopoietic stem cells from either Foxp3 reporter (Fig. 3C ) or nonreporter (see Fig. S4A in the supplemental material) mice. Thymuses, spleens, lymph nodes, and blood were harvested starting from 8 to 10 weeks after transfer. CD4 ϩ Foxp3 ϩ Treg cells generated from cd69 ϩ/ϩ and cd69 Ϫ/Ϫ precursors were analyzed separately ( Fig. 3D; Fig. S4B and S5 ). We detected a marked difference in the frequencies of CD4 ϩ Foxp3 ϩ tTreg cells and pTreg cells originating from the two precursors in both models, with a lower proportion of Treg cells being derived from cd69 Ϫ/Ϫ CD45.2 CD4 ϩ SP precursors than from cd69 ϩ/ϩ CD45.1 precursors ( Fig. 3D and E; Fig. S4C and S5A to C); this occurred even though CD4 ϩ SP cells originated from both precursors in equal proportions in the thymuses (Fig. 3E) , spleens (Fig. S5A) , and lymph nodes (Fig. S5B ). These data indicate that cd69 ϩ/ϩ BM hematopoietic stem cells are necessary for the generation of CD4 ϩ Foxp3 ϩ tTreg cells and, subsequently, pTreg cell homeostasis. Our data are consistent with the finding that Treg cell precursors in the human thymus form part of the CD69 ϩ thymocyte cell subset (11) .
CD69 deficiency impairs STAT5 signaling and BIC/miR-155-dependent tTreg cell differentiation. To investigate the mechanism of CD69-modulated tTreg cell development, we examined the STAT5 pathway that stimulates the foxp3 promoter, inducing tTreg cell development (4) . Sorted Foxp3-mRFP ϩ -CD69 ϩ and -CD69 Ϫ Treg cells from wild-type reporter mice (see Fig. S6 in the supplemental material) were analyzed by intracellular staining and Western blotting. The analyses showed dimin- ished STAT5 phosphorylation in sorted CD69 Ϫ tTreg cells in steady state ( Fig. 4A and B), indicating that CD69 expression maintains STAT5 bystander activation of tTreg cells within the thymus. The analysis of sorted pTreg cells in the spleen confirmed diminished STAT5 phosphorylation in secondary lymphoid organs (Fig. S7A ). Although we detected no differences in Foxp3 activation or expression between CD69-expressing and nonexpressing tTreg cells ( Fig. 1E and 4C ) or pTreg cells (12) , the transcriptional activation of bic was abrogated in CD69 Ϫ tTreg cells, and consequently, miR-155 expression was inhibited in these cells (Fig. 4D ) and pTreg cells (Fig. S7B ). It has been reported that miR-155 inhibits the expression of SOCS-1, supporting Foxp3 ϩ tTreg cell development (6) . Importantly, expression levels of both the socs-1 gene and protein were upregulated in CD69 Ϫ tTreg cells ( Fig. 4E and F) and pTreg cells (Fig. S7B ), which had very low levels of miR-155. Moreover, we analyzed the STAT5 pathway in sorted tTreg cells from cd69 ϩ/ϩ , cd69 ϩ/Ϫ , and cd69 Ϫ/Ϫ Foxp3-mRFP reporter mice. STAT5 phosphorylation is partially inhibited in cd69 ϩ/Ϫ compared to cd69 Ϫ/Ϫ tTreg cells, Values were calculated relative to data for cd69 ϩ/ϩ control lobes from four independent FTOC assays. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001 (Student's t test). which almost abrogated the pathway (Fig. 4G) . Thus, cd69 ϩ/Ϫ and cd69 Ϫ/Ϫ tTreg cells have very low levels of miR-155 compared to those of cd69 ϩ/ϩ cells. Accordingly, the socs-1 gene is modestly and strongly upregulated in cd69 ϩ/Ϫ and cd69 Ϫ/Ϫ tTreg cells, respectively (Fig. 4H) . Our data suggest that the loss of at least one cd69 allele modifies at least in part the expression of the receptor on the membrane (Fig. 1A and B) but is sufficient to fully prevent the activation of the STAT5 pathway, miR-155 transcription, SOCS-1 inhibition, and the proper differentiation of tTreg cells.
The overexpression of SOCS-1 regulates STAT5 signaling, reducing the proportions of tTreg cells in cd69 Ϫ/Ϫ mice to levels similar to those in mirn155 Ϫ/Ϫ mice (6). We analyzed the CD69 ϩ /CD69 Ϫ ratio within tTreg and pTreg cells from mirn155 Ϫ/Ϫ mice ( Fig. 5A and C) . Consistent with data from previous work, mirn155 Ϫ/Ϫ mice display impaired numbers of tTreg cells and pTreg cells as well as an important reduction in the development of CD69 ϩ Treg cells in both thymuses (Fig. 5A) and spleens (Fig.  5C ). Interestingly, cd69 gene expression was almost abrogated in the thymuses of mirn155 Ϫ/Ϫ mice (Fig. 5B) , suggesting that cd69 and mirn155 could have common regulation pathways.
In agreement, we found that cd69 ϩ/Ϫ and cd69 Ϫ/Ϫ thymic precursors are less able to differentiate toward tTreg cells than are CD69-proficient precursors in the same mice ( Fig. 1F and 3E ). These data thus strongly suggest that the maintenance of miR-155 expression in tTreg cells is dependent on CD69-induced STAT5 phosphorylation, reflecting a unique property of CD69 in the development of tTreg cells.
Signaling of both IL-2 receptor ␥ (IL-2R␥) and CD69 is required for the development of in vitro-inducible CD25 ؉ Treg cells. To further explore the nonredundant role of CD69 in the development of iTreg cells, we analyzed the levels of Foxp3 in the absence of Jak3-STAT5 signaling. We cultured naive CD4 T cells under Treg-skewed conditions with transforming growth factor ␤ (TGF-␤) plus IL-2 in the presence of antigen-presenting cells. The use of Jak3 chemical inhibitors decreased STAT5 phosphorylation in cd69 ϩ/ϩ iTreg cells to cd69 Ϫ/Ϫ iTreg cell levels (Fig. 6A) ; however, the percentages of Foxp3-mRFP ϩ cells are comparable for both genotypes, even high in cd69 Ϫ/Ϫ Treg cell cultures and independently of Jak-STAT5 inhibition (Fig. 6B) , indicating that the Jak3-STAT5 signaling pathway is not required for Foxp3 expression of inducible Treg cells, corroborating the above-described data for tTreg cells (Fig. 4C ).
It has been described that Foxp3 expression is dependent on IL-2R␥c; thus, Il2r␥ Ϫ/Ϫ mice had no detectable Foxp3 ϩ cells in thymus or spleen (18) . However, the expression of CD25 ϩ Treg cells is detectable in thymus and spleen of these mice (18) . We aimed to address the role of CD69 in the development of CD25 ϩ iTreg cells in the absence of IL-2R␥/Foxp3 signaling pathways. For this purpose, we generated Il2r␥ Ϫ/Ϫ /cd69 Ϫ/Ϫ double-knockout mice. We analyzed the levels of CD25 ϩ iTreg cells after induction with TGF-␤ plus IL-2 in the presence of Jak3 inhibitors in cells from Il2r␥ Ϫ/Ϫ mice compared to Il2r␥ Ϫ/Ϫ /cd69 Ϫ/Ϫ mice. Jak3 inhibition decreased STAT5 phosphorylation in Il2r␥ Ϫ/Ϫ iTreg cells to the levels in Il2r␥ Ϫ/Ϫ /cd69 Ϫ/Ϫ Treg cells (Fig. 6C) . Interestingly, the differentiation of CD25 ϩ iTreg cells is completely abolished in both Il2r␥ Ϫ/Ϫ /cd69 Ϫ/Ϫ iTreg cells and Il2r␥ Ϫ/Ϫ iTreg cells plus Jak3 inhibitors (Fig. 6D) . These data indicate that in the absence of the IL-2R␥/Foxp3 pathway, CD69-induced Jak3-STAT5 activation is pivotal for the development of CD25 ϩ iTreg cells.
It has been proposed that miR-155 could regulate different cell type functions depending on the biological context, and miR-155-mediated SOCS-1 repression regu- 's t test) . For panels G and H, data were analyzed by ANOVA followed by Bonferroni's multiple-comparison test. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001.
lates the competitive fitness of Treg cells (19) . We analyzed the expression of mir-155, socs-1, T-bet, and Eomes in order to investigate if other miR-155 target genes are affected in iTreg cell differentiation in the absence of Jak3-STAT5 signaling pathway activation through CD69. We observed a diminished expression of miR-155 in cd69 Ϫ/Ϫ compared to cd69 ϩ/ϩ iTreg cells (see Fig. S8A in the supplemental material), as in ex vivo CD69 Ϫ thymus-derived Treg cells (Fig. 4D and G) . However, Jak3 inhibition does not contribute to miR-155 inhibition (Fig. S8A) , suggesting that other signaling pathways could contribute to miR-155 regulation in iTreg cells. Moreover, socs-1 expression is strongly induced in cd69 Ϫ/Ϫ iTreg cells compared to cd69 ϩ/ϩ iTreg cells (Fig. S8B) , but the expression of other miR-155 target genes such as T-bet and Eomes is not (Fig. S8C) . Interestingly, Jak3 inhibits the expression of socs-1, T-bet, and Eomes in the absence of CD69 (Fig. S8B and C) , supporting the hypothesis that other CD69-dependent mechanisms could be involved in the regulation of these target genes. Altogether, these data suggest that CD69 controls socs-1 expression and Treg cell differentiation through miR-155 regulation, although other molecules could be involved in this process.
Expression levels of miR-155 and CD69 are coregulated in a positive-feedback loop. CD69 and BIC/miR-155 promoter sequences have two putative STAT5 binding elements upstream of the TATA box and AP-1 element (20) (see Fig. S9 in the supplemental  material) . Moreover, the transcription factor AP-1, highly induced after TCR stimulation, regulates the activation of both promoters (20, 21) , suggesting that both promoters might be concomitantly activated, in a positive-feedback loop, by the same TCR/CD3-triggered pathway (Fig. S9) . To test this hypothesis, we next investigated whether CD69 downstream signaling regulates miR-155 expression in tTreg cells. Sorted Foxp3 ϩ tTreg cells from Foxp3-mRFP/cd69 ϩ/ϩ mice, expressing CD69 at steady state, were incubated with anti-CD69 antibody (2.2), which downregulates CD69 membrane expression and dampens its signaling (22) (Fig. 7A) . As described above, we observed strong CD69 dampening on the membrane compared with that in cells incubated with control mouse IgG1 MAb (2.8) (Fig. 7A ). Quantitative PCR (qPCR) analysis revealed decreased miR-155 expression in 2.2-treated CD69 ϩ tTreg cells (Fig. 7B) , to levels comparable to those in CD69 Ϫ or cd69 Ϫ/Ϫ tTreg cells (Fig. 7B and 4D and H) . Moreover, CD69 blockade with 2.2 Abs impairs STAT5 phosphorylation (Fig. 7C ) and prevents SOCS-1 inhibition (Fig. 7D) , meaning that CD69 expression is necessary for the miR-155-dependent inhibition of SOCS-1 and the bona fide formation of tTreg cells.
To verify whether these findings could be extended to human cells, activated CD4 ϩ CD25 ϩ peripheral blood lymphocytes (PBLs) were infected with lentiviruses (LVs) carrying different short hairpin RNA (shRNA) sequences targeting CD69 (shCD69-1 to -3). Endogenous levels of membrane CD69 and hsa-miR-155 were analyzed by fluorescence-activated cell sorter (FACS) analysis and qPCR, respectively ( Fig. 8A and B) . LV infection of PBLs with three shCD69 sequences fully inhibited CD69 expression compared to mock LV infection (Fig. 8A) , inducing the loss of hsa-miR-155 transcription (Fig. 8B) . Our data indicate that human CD69 and hsa-miR-155 are regulated together as in mouse cells. In parallel, we induced the expression of CD69 in vitro (Fig. 8C) to corroborate that the STAT5 pathway and hsa-miR-155 are activated together with the receptor, whereas SOCS-1 is inhibited (Fig. 8D) .
To test this mechanism functionally, we performed loss-and gain-of-function assays by transfecting human Treg cells with anti-hsa-miR-155 or hsa-pre-miR-155. First, we transfected control and anti-CD3 (OKT3)-stimulated CD4 ϩ CD25 ϩ human PBLs with anti-hsa-miR-155-5p or scrambled anti-miRNA (Fig. 8E ). CD69 expression in activated PBLs dropped dramatically after the inhibition of hsa-miR-155 (Fig. 8F) . Moreover, STAT5 activation was reduced, and in agreement, socs-1 gene expression was enhanced, indicating that miR-155 blockade regulates the CD69 signaling pathway. In contrast, the overexpression of hsa-miR-155 in CD69 Ϫ Treg cells (Fig. 8G ) revealed significant increases in the expression of CD69, STAT5 activation, and socs-1 inhibition (Fig. 8H) . Thus, the reciprocal modulation of the C-type lectin and miR-155 in a positive-feedback loop could be pivotal to maintaining tTreg cell fitness and pTreg cell homeostasis. 
DISCUSSION
In this study, we have shown that the C-type lectin CD69 plays a key role in the development and homeostasis of Treg cells. Using a combined genetic model of Foxp3 reporter and cd69 knockout mice and genetic inhibition approaches, we unequivocally demonstrate that the activation of the CD69 pathway promotes STAT5 phosphorylation, BIC/miR-155 expression, and SOCS-1 inhibition. The role of CD69 as a negative regulator of the immune system has remained a controversial issue during the last years (23). However, very recent studies by independent groups show that CD69 plays a crucial role in the suppressor function of mouse and human Treg cells as well as in the generation of in vitro-induced Treg cells (12, 16, (24) (25) (26) . Nevertheless, the specific role of the C-type lectin in the development of Treg cells in the thymus remains elusive.
A major issue that has limited this study has been the key role of CD69 in the egress of lymphocytes from lymphoid organs and in particular from the thymus to the periphery (13, 14, (27) (28) (29) . Although thymic positive and negative T cell selection processes are unaffected by CD69 deficiency (30) , CD69 controls the egress of mature T cells into the periphery via corticomedullary blood vessels, through the negative regulation of S1P 1 receptors (27, 28), making it not an easy task to study its role in the development of Treg cells in the thymus. With the help of Foxp3 reporter mice, we have performed studies of tTreg cell differentiation in FTOC and in mixed chimeric mice to avoid the effects derived from the different migratory potentials of CD69 ϩ and CD69 Ϫ cells. We demonstrate that the expression of the C-type lectin CD69 is pivotal for the development of tTreg cells, as they are virtually absent in FTOCs from cd69 Ϫ/Ϫ or anti-CD69-treated embryonic thymuses or in mixed bone marrow chimeras from cd69 Ϫ/Ϫ precursors. In both systems, total numbers of cells within the thymus do not change, whereas tTreg cell proportions originating from CD69 Ϫ precursors are consistently diminished, demonstrating unequivocally that this effect is not due to a different migratory behavior.
We have found that proportions of Foxp3 ϩ pTreg cells are also diminished after analysis of spleen and lymph nodes from adult Foxp3-mRFP/cd69 Ϫ/Ϫ reporter mice compared to cd69 ϩ/ϩ and cd69 ϩ/Ϫ littermates. In addition, CD69-deficient pTreg cells have a defective suppressive function (12) . Thus, defects observed in CD69-deficient precursors affect both tTreg cell development and pTreg cell homeostasis, strongly indicating that CD69-proficient precursors give rise to the CD69 ϩ functionally active pTreg cell subset. In this regard, two different genetic approaches in mice and a recent study in humans indicate that CD69 expression in pTreg cells is required to maintain immunological tolerance. CD69 deficiency in mice compromises T cell-induced colitis and the establishment of oral tolerance after antigen challenge in vivo (24) , and CD69 ϩ pTreg cells are essential for the prevention of asthmatic reactions to harmless antigens (12) . Furthermore, a subset of CD69 ϩ Treg cells in the blood of healthy human donors seems to have a relevant immune-regulatory role (25) .
The C-type lectin CD69 interacts with Jak3/STAT5 proteins independently of the IL-2 pathway, thus inhibiting Th17 responses (31) and controlling the suppressor potential of pTreg cells (12) . STAT5 phosphorylation stimulates the foxp3 promoter, inducing tTreg cell development (4), and Foxp3 binds to an intron within the promoter region of the miR-155 host gene bic in Treg cells (32) . Both mirn155 Ϫ/Ϫ and bic Ϫ/Ϫ mice have below-normal numbers of Foxp3 ϩ Treg cells in thymuses and secondary lymphoid organs, indicating an essential role for miR-155 in the development of Foxp3 ϩ Treg cells (5, 6) . We have explored if this pathway could be the responsible for the defects observed in Treg cell development in cd69-deficient mice, finding a strong inhibition of STAT5 phosphorylation in freshly isolated Foxp3-mRFP ϩ -CD69 Ϫ compared to Foxp3-mRFP ϩ -CD69 ϩ tTreg cells. Moreover, the transcriptional level of bic/miR-155 is reduced in Foxp3-mRFP ϩ -CD69 Ϫ Treg cells, and consequently, its target SOCS-1 is upregulated at both the mRNA and protein levels. In a mouse model of SOCS-1 overexpression, negative regulation of STAT5 signaling reduces the proportion of Foxp3 ϩ thymocytes to levels similar to those seen in mirn155 Ϫ/Ϫ mice (6). miR-155 inhibits SOCS-1 expression, enhancing Foxp3 ϩ tTreg cell development (6) . Our data demonstrate that CD69 expression enhanced BIC/miR-155 transcription, inhibited SOCS-1, and therefore maintained Treg cell differentiation and the fitness of Treg cells. However, IL-2R signaling also activates the Jak/STAT5 pathway in Treg cells; specifically, Foxp3 expression is dependent on IL-2R␥c signaling, as Il2r␥ Ϫ/Ϫ mice have no detectable Foxp3 ϩ cells, although a small proportion of CD25 ϩ Treg cells is still detectable in these mice (18) . Our study shows that the differentiation of CD25 ϩ iTreg cells is inhibited in Il2r␥ Ϫ/Ϫ cultures plus Jak3 inhibitors or Il2r␥ Ϫ/Ϫ /cd69 Ϫ/Ϫ mice, indicating that Jak3-STAT5 signaling pathway activation through CD69 is essential for the development of Treg cells.
CD69 does not appear as an miR-155 target in the PicTar, Targetscan, or miRanda miRNA target prediction database, and there are no miR-155 target sequences in the CD69 3= untranslated region (UTR) (33) . However, several studies have shown a correlation between Dicer, a member of the RNase III complex that processes pre-miRNAs into mature miRNAs, miR-155 regulation, and CD69 expression. Treg cells from MRL/lpr
analysis. (D) hsa-miR-155 and human socs-1 gene expression levels were analyzed by qPCR. (E) Human PBLs were transfected with anti-hsa-miR-155-5p or an anti-miRNA scramble control, and hsa-miR-155 expression was analyzed by qPCR. (F) Representative histograms and quantification of CD69 expression, STAT5 phosphorylation, and human socs-1 transcription levels in CD4 ϩ PBLs treated as described above for panel E. (G) Human PBLs were transfected with hsa-pre-miR-155-5p or the pre-miRNA control, and hsa-miR-155 expression was analyzed by qPCR. (H) CD69 expression, STAT5 phosphorylation, and human socs-1 transcription in CD4 ϩ PBLs treated as described above for panel G. Results from miRNA qPCRs are normalized to sno135 snRNA expression levels. All data are means Ϯ standard deviations of results from at least 3 independent donors for a total of 10 donors. Data were analyzed by 1-way ANOVA and Bonferroni's posttest or by a t test. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. mice are Dicer insufficient and yet overexpress miR-155 and show increased CD69 expression (9) , suggesting that there are Dicer-alternative mechanisms for miRNA regulation. In another study, Dicer Ϫ/Ϫ TCs showed increased CD69 expression after TCR stimulation and, consequently, defective egress from lymphoid organs (10). As described above for CD69, Dicer plays a key role in tTreg cell differentiation (7) and Treg cell function (8) . In this regard, CD69 is expressed in lymphocytes early after TCR/CD3 stimulation (34) , and its cytoplasmic tail interacts with Jak3/STAT5 molecules (35) , triggering this pathway in pTreg cells (12) and tTreg cells and therefore inhibiting SOCS-1 transcription and protein expression. Similarly, TCR-induced IL-2 signaling triggers STAT5 signaling and enhances Foxp3-dependent miR-155 expression, limiting SOCS-1 expression and promoting Treg cell homeostasis (6) . Recent data show that microRNAs could regulate different cell type functions modulating different target genes, depending on the biological context (19) . We analyzed the expression of miR-155 and SOCS-1 in the absence of Jak3-STAT5 signaling pathway activation through CD69 in the differentiation of iTreg cells. miR-155 expression is inhibited and SOCS-1 is upregulated in cd69 Ϫ/Ϫ compared to cd69 ϩ/ϩ iTreg cells; however, Jak3 inhibition does not contribute to miR-155 dampening, suggesting that other microRNAs and/or target genes could be involved. Interestingly, the STAT5 binding elements of the BIC/miR-155 and CD69 promoter sequences are similar, with each element containing two putative STAT binding elements upstream of the TATA box and AP-1 element (20) . Moreover, the transcription factor AP-1, which is highly induced after TCR stimulation, regulates the activation of both promoters (20, 21) . This suggests that both promoters might be concomitantly activated, in a positive-feedback loop, by the same TCR/CD3-triggered pathway.
Our present study shows that Foxp3-RFP/cd69 Ϫ/Ϫ reporter mice have a dramatically reduced tTreg cell population in adult thymuses. Moreover, tTreg cells are unable to develop properly in FTOCs from cd69 Ϫ/Ϫ or anti-CD69-treated embryonic thymuses or in mixed bone marrow chimeras from cd69 Ϫ/Ϫ precursors. The in vitro data confirm that the phosphorylation of STAT5 is abrogated in CD69-deficient tTreg cells and results in the inhibition of the BIC/miR-155 pathway, increased SOCS-1 expression, and impaired tTreg cell development. Our previous studies show that the suppressor function of Treg cells is compromised in cd69-deficient mice (12) , indicating that CD69 is a key molecule in the development of Foxp3 ϩ CD69 ϩ Treg cells in the thymus that will give rise to the functionally active subset of Treg cells in the periphery. Therefore, we postulated that the C-type lectin CD69 is a pivotal molecule for the maintenance of immune homeostasis in health and disease.
MATERIALS AND METHODS
Mice. cd69 Ϫ/Ϫ mice were generated in the 129/Sv background as described previously (31) and backcrossed onto the C57BL/6 strain for at least 12 generations. C57BL/6.Ly5.1 mice (CD45.1 ϩ ) were purchased from The Jackson Laboratory (B6.SJL-Ptprc a Pepc b /BoyJ, stock number 002014). Rag2 Ϫ/Ϫ ␥c Ϫ/Ϫ (Rag2/Il2rg) mice were provided by the laboratory of M. L. Toribio (Centro de Biología Molecular, CSIC, Spain) and were intercrossed with C57BL/6 mice to generate Il2r␥ Ϫ/Ϫ mice, which were subsequently intercrossed with cd69 Ϫ/Ϫ mice to generate Il2r␥ Ϫ/Ϫ /cd69 Ϫ/Ϫ mice. FoxP3-mRFP reporter mice (FIR mice; C57BL/6 background) were generated and provided by the Flavell laboratory (Yale University School of Medicine, New Haven, CT) (36) and were intercrossed with cd69 Ϫ/Ϫ mice to generate Foxp3-mRFP/cd69 ϩ/ϩ wild-type, Foxp3-mRFP/cd69 ϩ/Ϫ heterozygous, and Foxp3-mRFP/cd69 Ϫ/Ϫ CD69-deficient littermates. Animals were housed and used under specific-pathogen-free (SPF) conditions at the Centro Nacional de Investigaciones Cardiovasculares (CNIC) animal facility. mirn155 Ϫ/Ϫ mice were provided by R. Nakagawa (The Francis Crick Institute, London, United Kingdom). All animal procedures were approved by the ethics committee of the Comunidad Autónoma de Madrid and conducted in accordance with the institutional guidelines that comply with European Institutes of Health directives (37) .
Intracellular staining and FACS analysis. Single-cell suspensions were obtained from adult or fetal thymuses and incubated in FACS buffer (phosphate-buffered saline [PBS], 0.5% bovine serum albumin [BSA], 1 M EDTA, 0.1% NaN 3 ) with fluorochrome-conjugated mouse-specific antibodies against CD4, CD8, CD69, CD45.1, and CD45.2. All antibodies were purchased from BD Biosciences. For Foxp3 intracellular staining, we used the Foxp3 staining kit (eBioscience). CD69 ϩ -and CD69 Ϫ -Foxp3-mRFP ϩ tTreg cells were sorted from Foxp3-mRFP/cd69 ϩ/ϩ thymuses by using a FACSAria III instrument (BD Biosciences). For intracellular STAT5 staining, sorted tTreg cells were fixed with 0.2% paraformaldehyde and permeabilized with 90% methanol, and cells were incubated with anti-phospho-STAT5 (Tyr694) (Cell Signaling), an Alexa Fluor 647-IgG1 isotype control, and Alexa Fluor 647-anti-phospho-STAT5 (pY694) (Becton Dickinson). Human PBLs were obtained after Ficoll separation from buffy coats and maintained in RPMI medium supplemented with 10% fetal calf serum (FCS), 20 mM HEPES, L-glutamine, antibiotics, nonessential amino acids, sodium pyruvate, and ␤-mercaptoethanol. Treated PBLs were incubated with fluorochrome-conjugated human-specific antibodies against CD4, CD25, and CD69 (BD Biosciences) and Foxp3 (Miltenyi Biotec). Cells were analyzed in an LSRFortessa flow cytometer (BD Biosciences) equipped with four lasers (405, 488, 561, and 640 nm), and the data were processed with FlowJo v10.0.4 (TreeStar).
Fetal thymus organ culture. Uteri were removed from female mice at the indicated gestational time points, and the embryos were placed into a petri dish with fresh cold PBS for the extraction of thymuses. To place the fetal thymus lobes in culture, we placed 0.8-m nitrocellulose membrane filters (Millipore) on top of 12-to 7-mm Gelfoam sponges embedded in prewarmed Iscove´s modified Dulbecco´s medium (IMDM) (supplemented with 10% FCS, L-glutamine, antibiotics, and ␤-mercaptoethanol). FTOCs were maintained for 4 to 14 days, with medium being replaced every 3 days. An anti-CD69 monoclonal antibody (2.2) or the isotype control antibody (2.8) was added (50 g/ml) to the culture medium as indicated and replaced every 3 days. At the end of the culture period, single-cell suspensions were prepared from the lobes, and cells were counted and analyzed by FACS analysis.
Western blotting. Lysates of sorted CD69 ϩ -and CD69 Ϫ -Foxp3-mRFP ϩ tTreg cells were prepared in PD buffer (40 mM Tris HCl [pH 8.0], 0.5 M NaCl, 6 mM EDTA, 6 mM EGTA, 0.1% NP-40) containing a protease inhibitor cocktail (Complete Mini; Roche). Proteins (20 g) were size separated on 12% SDS-polyacrylamide gels and transferred onto Trans-Blot nitrocellulose membranes (Bio-Rad). Primary antibodies for immunoblotting were as follows: anti-␤-actin, anti-SOCS-1, and anti-STAT5 (Santa Cruz) and anti-phospho-STAT5 (Cell Signaling). Quantitative assessment of protein expression was performed with the Odyssey scanner and analyzed with Image Studio Lite v4.0 Western blot analysis software (Li-Cor).
In vitro differentiation of Treg cells. Inducible Treg cells were differentiated from Foxp3-mRFP/ cd69 ϩ/ϩ , Foxp3-mRFP/cd69 Ϫ/Ϫ , Il2r␥ Ϫ/Ϫ /cd69 Ϫ/Ϫ , and Il2r␥ Ϫ/Ϫ mice. Naive CD4 T cells from these mice were isolated and cocultured for 72 h with irradiated antigen-presenting cells in the presence of plate-bound anti-CD3 (2 g/ml) and soluble anti-CD28 (2 g/ml) plus recombinant TGF-␤1 (10 ng/ml) and IL-2 (2 ng/ml). The last 9 h, the cells were incubated with or without Jak3 inhibitor I (catalog number CAS 202475-60-3; Calbiochem) (10 g/ml). For experiments with inhibitor antibodies, after differentiation, Treg cells were cultured for 4 h with anti-2.2 Ab or the 2.8 isotype control Ab.
RNA extraction and gene expression analysis. RNA and microRNA were extracted from 2 ϫ 10 4 to 6 ϫ 10 4 sorted mouse tTreg cells or 10 6 human PBLs with the miRNeasy minikit (Qiagen), followed by DNase treatment with the Turbo DNase-free kit (Ambion). For analysis of SOCS-1, Foxp3, and BIC transcripts, reverse transcription was performed by using the High Capacity cDNA reverse transcription kit (Applied Biosystems). SOCS-1 and Foxp3 gene expression levels were analyzed by real-time PCR using SYBR green PCR mix (Applied Biosystems). Mouse and human Gapdh genes were used as the endogenous controls. The following primers were used to amplify murine genes: forward (F) primer 5=-CTGCG GTTCTATTGGGGAC-3= and reverse (R) primer 5=-AAAAGGCAGTCGAAGGTCTCG-3= for socs-1, F primer 5=-CACCCAGGAAAGACAGCAACC-3= and R primer 5=-GCAAGAGCTCTTGTCCATTGA-3= for Foxp3, F primer 5=-CCCTTGGGCTGTGTTAATAGTG-3= and R primer 5=-AACTTCTCGTACAAGCCTGGG-3=for cd69, and F primer 5=-TGAAGCAGGCATCTGAGGG-3= and R primer 5=-CGAAGGTGGAAGAGTGGGAG-3= for Gapdh. The following primers were used to amplify human genes: F primer 5=-TTTTCGCCCTTAGCGTGAAGA-3= and R primer 5=-GAGGCAGTCGAAGCTCTCG-3= for socs-1 and F primer 5=-AATGGACTGGTCGTGGAG-3= and R primer 5=-CCCTCCAGGGGATCGTTTG-3= for gapdh. BIC gene expression was analyzed by real-time PCR using TaqMan universal PCR master mix and specific TaqMan probe and primers for bic (catalog numbers Mm01716204-m1 and Hs01374570-m1; Applied Biosystems). The expression of microRNA was analyzed by using a TaqMan microRNA reverse transcription kit, individual TaqMan microRNA assays for mmumiR-155-5p (catalog number 002571) and hsa-miR-155-5p (catalog number 002287), and TaqMan universal PCR master mix (Applied Biosystems). sno135 snRNA (catalog number 001230) was used as the endogenous control. Real-time quantitative PCR analysis was performed with an ABI Prism 7900HT 384 thermal cycler (Applied Biosystems). The relative gene expression level was determined by using the 2 Ϫ⌬⌬C T method.
Chimeric mice. Eight-to twelve-week-old Rag2 Ϫ/Ϫ ␥c Ϫ/Ϫ recipient mice were irradiated with one split dose of 6.5 Gy gamma radiation, whereas C57BL/6 recipients were irradiated with two split 6.5-Gy doses. The mice were intravenously (i.v.) injected with bone marrow cells from Foxp3-mRFP/cd69 ϩ/ϩ or Foxp3-mRFP/cd69 Ϫ/Ϫ littermates. In mixed chimeras, irradiated Rag2 Ϫ/Ϫ ␥c Ϫ/Ϫ recipients were transplanted with a mixture of CD45.1 cd69 ϩ/ϩ or CD45.2 cd69 Ϫ/Ϫ bone marrow precursors from nonreporter or reporter Foxp3-mRFP ϩ cells, at a ratio of 1:1. After at least 10 weeks, the contribution of the different donor bone marrow precursors to the tTreg cell subset was determined by FACS analysis.
Transient transfection. PBLs (10 6 ) were transiently transfected for 4 h with 50 pM anti-miR-155 (catalog number AM12601; Ambion) by using Lipotransfectin (Niborlab) according to the manufacturer's instructions. As a negative control, a random anti-miRNA sequence control (negative control 1, catalog number AM1701; Ambion) was included in the assay mixture. Transfected cells were stimulated with plate-bound anti-CD3 antibody (OKT3; 3 g/ml) for 24 h. When indicated, PBLs (0.5 ϫ 10 6 ) were transfected for 7 h with 50 pM pre-miR-hsa-miR-155 or a pre-miRNA negative control (Ambion) by using Lipofectamine RNA iMAX (Invitrogen). Transfected cells were stimulated with phorbol myristate acetate (PMA) during 4 h with 50 ng/ml PMA and 750 ng/ml ionomycin (PϩI). After stimulation, the levels of CD69 and phospho-STAT5 were monitored by flow cytometry, and transcriptional levels of hsa-miR-155 and socs-1 were monitored by qPCR.
Plasmids. The pLKO lentiviral plasmids containing shCD69 sequences were obtained from SigmaAldrich (catalog numbers TRCN0000057693, TRCN0000057694, and TRCN0000057695), and the pLKO lentiviral control plasmid is a pLKO empty vector from Sigma-Aldrich (catalog number SHC001). The shCD69 sequences used were as follows (5= to 3=): CCGGGCATGGAATGTGAGAAGAATTCTCGAGAATTCT TCTCACATTCCATGCTTTTTG for shCD69-1, CCGGAGGCCAATACACATTCTCAATCTCGAGATTGAGAATGTGT ATTGGCCTTTTTTG for shCD69-2, and CCGGGTGGTCAAATGGCAAAGAATTCTCGAGAATTCTTTGCCATTTGA CCACTTTTTG for shCD69-3.
LV production, titration, and infection. HEK-293 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) (Sigma-Aldrich) and L-glutamine plus antibiotics. HEK-293 cells were transiently transfected by the calcium phosphate method with 3 HIV-derived plasmids and the vesicular stomatitis virus (VSV)-pseudotyped LV system (provided by F. Sánchez-Madrid, Hospital de la Princesa, Spain) to obtain LVs expressing the shCD69 sequences. The supernatant containing LV particles was collected 48 h after the removal of the calcium phosphate precipitate and ultracentrifuged for 2 h (Optima L-100 XP ultracentrifuge; Beckman). LVs were collected by adding cold PBS and were titrated by qPCR. PBLs isolated from healthy donors were infected with LV particles (multiplicity of infection [MOI] of 10) for 5 h. Subsequently, virus-containing medium was replaced with fresh complete RPMI medium supplemented with 10% FBS. After 12 h, infected cells were selected with puromycin for 48 h. Selected cells were stimulated with plate-bound anti-CD3 antibody (OKT3; 3 g/ml) for 24 h. After stimulation, the levels of CD69 were monitored by flow cytometry, and levels of miR-155 were monitored by TaqMan qPCR.
Statistical analysis. Experiments were performed according to a randomized complete block design (treatments and different time points have been taken into account) or a fully randomized design. To determine significant differences, P values were calculated by Student's t test as appropriate, and differences were considered significant at P values of Ͻ0.05. Means from more than two experimental groups were compared by 1-way analysis of variance (ANOVA). To account for multiple comparisons, the Tukey test was used to compared selected pairs of means, and the Bonferroni posttest was used to compare all pairs of means. All statistical analyses were carried out with Prism v5 (GraphPad Software). Each experiment was repeated at least three times, unless otherwise indicated in the figure legends.
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